Aerosols affect the atmosphere through direct interaction with short-wave and long-wave radiation and the micro physical properties of clouds. In this paper we report in detail on several mechanisms by which the short-term impact of dust 5 on surface radiative fluxes can affect the dust loading of the atmosphere via modification of boundary-layer meteorology. This in turn affects the aerosol radiative forcing itself. Examples of these feedbacks between dust and boundary layer meteorology were observed during a series of dust storms in the 10 Sahara and the Eastern Mediterranean in April 2012. These case studies have been analysed using the Monitoring Atmospheric Composition and Climate -Interim Implementation (MACC-II) system. The radiative fluxes in the short-wave and long-wave 15 spectra were both significantly affected by the prognostic aerosols-radiation interaction, which in turn impacted the meteorological simulation. Reduced incoming solar radiation below the aerosol layers led to a decrease in maximum surface temperatures and to a more stable thermal 20 stratification of the lower atmosphere. This in turn forced weaker surface wind speeds and eventually smaller dust emissions. Moreover, we also observed a secondary impact of the aerosol radiative forcing, whereby horizontal gradients of surface temperature were increased at the edge of the dust 25 plume, which led to local increases of surface wind speeds due to the thermal wind effect. The differentiated impact of the aerosol layer on surface pressure also contributed to the increase in surface wind speed and dust production in the same area.
Introduction

Aerosol impacts on meteorology
Aerosol particles play an important role in the atmosphere through various mechanisms. They impact air quality and 50 represent a serious public health issue, as shown by recent Particulate Matter (PM) pollution events in Western Europe and China Sun et al., 2013) . Aerosol particles also influence the atmospheric radiative budget directly by scattering and absorbing short-wave and long-wave 55 radiation (aerosol direct effect (e.g. Yu et al., 2006; Bellouin et al., 2005) ), and indirectly affecting the concentration, size and chemical composition of the cloud condensation nuclei (CCN), which in turn impacts the life cycle, the optical properties and the precipitation activity of clouds (Koch et al., 2 S. Rémy et al.: Feedbacks of dust and BL meteorology 2010; Painemal et al. , 2013; Hoose and Möhler , 2012; Niemand et al. , 2012) .
The aerosol direct effect consists of the sum of two phenomena: scattering/absorption of incoming solar radiation and absorption/emission of long-wave radiation. The former reduces the amount of solar energy that reaches the surface and can cause a warming of the aerosol layer because of absorption. Aerosols also absorb and re-emit long-wave radiation, which increases down-welling long-wave radiation in and below the aerosol layer, and reduces night-time cooling 70 of the surface. An aerosol layer thus acts on the radiative budget at the surface and in the lower atmosphere similar to a thin layer of clouds. The radiative impact of aerosols is very dependent on their vertical distribution and surrounding environment: Choi and Chung (2014) showed that whether the 75 aerosol layer is below or above a cloud layer will impact their radiative impact on the surface and on the atmosphere by an order of magnitude.
Mineral dust are produced from arid or semi-arid areas and lifted into the atmosphere, if surface winds are 80 strong enough, through the saltation process (Marticorena and Bergametti (1995) ). Global emissions are estimated by numerical models to be in the range of 500 to 4400 Tg per year (Huneeus et al. (2011) ). The large spread in emissions estimate reflect the fact that no observations of the dust emis-85 sion amount are available. Out of the global amount, the Sahara desert contributes an estimated 400 to 2200 Tg per year. Major dust outbreaks frequently affect the Mediterranean, the Red Sea and the Atlantic: an estimated 20-30 Tg of dust is deposited each year in the Amazon Basin and contributes 90 to the fertilization of the Amazon Basin (Yu et al. (2015) ).
Most climate models now include aerosols and take into account their radiative impact on the atmosphere (Bellouin et al. (2011) ). For short-term forecasts by operational Numerical Weather Prediction (NWP) models, Tompkins et al. 95 (2005) and Rodwell and Jung (2008) both showed the improvement brought by more realistic aerosol climatologies on the forecasts from European Centre for Medium-Range Weather Forecasts (ECMWF) operational model. Mulcahy et al. (2014) investigated several configurations for the inclu-100 sion of interactive aerosol direct and indirect effects in the Met Office Unified Model (MetUM) and managed to correct a significant bias in the outgoing long-wave radiative fluxes over the Sahara that was diagnosed by Haywood et al. (2005) .
Mineral dust and their short-term impacts on the atmo-
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sphere have been the subject of intensive studies (eg Perez et al. (2006) , Stanelle et al. (2010) , Spyrou et al. (2013) ), using numerical models developed by Tegen et al. (1996) , Nickovic et al (2001) and Woodward (2001) among others. Several results are summed up in Miller et al. (2014) , which empha-110 sizes the diversity of the results obtained in terms of radiative forcing by mineral dust. Miller et al. (2004) and Perez et al. (2006) described a feedback between total aerosol forcing and atmospheric stability whereby lower surface temperatures increased atmospheric stability, thus decreasing surface 115 winds and dust production. This feedback was also noted in Ahn et al. (2007) . Heinold et al. (2008) investigated the impact of dust radiative forcing on Nocturnal Low Level Jets (NLLJs) and found a local increase in intensity of NLLJs caused by a more stable boundary layer.
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This work focus on short-term radiative effects of dust. It aims first to complete the description of the dust-radiation feedback by Perez et al. (2006) and Miller et al. (2004) by decomposing the feedback into two components driven by dust forcing on short-wave radiation and long-wave radiation 125 respectively. Our objective is also to identify other aerosolsboundary layer meteorology interactions. One of the objectives of this study is to compare the results of an experimental version of the MACC-II system, which uses radiatively interactive aerosols, with the pre-operational setup, which uses an 130 aerosol climatology to compute dust-radiation interaction.
We analyse the various feedbacks between the radiative impact of dust on the short-wave and long-wave spectra and boundary layer meteorological processes comparing experiments with prognostic aerosol fields against experiments 135 with a climatological distribution. The interaction of prognostic aerosols and meteorology are included at first only in the forward model, without any impact on the meteorological initial conditions. In a second step, we add them also in the aerosol assimilation system so that the initial conditions 140 of dust also take into account the impact of this interaction.
The MACC global atmospheric composition forecasting system
The Monitoring Atmospheric Composition and Climate -Interim Implementation (MACC-II) is a European funded pro-
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gram that aims at monitoring and forecasting atmospheric composition. It is the precursor of the broader Copernicus Atmosphere Monitoring Service. MACC-II's aim is to create and operate an assimilation and forecasting system for monitoring aerosols, greenhouse gases and reactive gases, using 150 satellite observations and a combination of global and regional models (Hollingsworth et al. (2008), Peuch and Engelen (2012) ). The MACC-II global system is based on the IFS meteorological model, maintained and developed by ECMWF; the version used in this work correspond to cycle 155 40R1 of the IFS for which a detailed description can be found at http://old.ecmwf.int/research/ifsdocs/CY40r1/. Aerosols are forecasted within the MACC-II global system by a forward model (Morcrette et al. (2009) , based on earlier work by Reddy et al. (2005) and Boucher et al. (2002) ) that 160 uses five species: dust, sea-salt, black carbon, organic carbon and sulfates. Dust aerosols are represented by three prognostic variables that correspond to three size bins, with bin limits of 0.03, 0.55, 0.9 and 20 µm. The main processes that are taken into account are production of dust through saltation 165 and removal by wet and dry deposition and sedimentation. The areas likely to produce dust are diagnosed as a function of surface albedo, moisture of the first soil level and bare soil fraction. Dust emissions are then parameterized, following Ginoux (2001) , as a function of the cubic power of 10m wind 170 speed. Dry deposition depends on a prescribed deposition velocity and on aerosol concentration in the lowermost model level above the surface. Sedimentation is currently applied only to the largest dust bin and depends on a fixed settling velocity and the concentration at each model level. Scaveng-ing did not occur during the period under scrutiny since there were very little clouds and no rain at all.
In the pre-operational version of the global MACC-II system, the radiative impact of aerosols is taken into account using the aerosol monthly climatology of Tegen et al. (1997) . In 180 an experimental version of the model, the aerosol direct effect can be computed from the mass mixing-ratio of the prognostic aerosols provided by the MACC aerosol module. The computation of the radiative impact of aerosols was modified for this study so that it is now possible to activate only 185 the short-wave or the long-wave components of the aerosol direct effect separately.
The radiative impact of the aerosols in the radiative transfer code of the ECMWF model is parameterized as function of the mass-extinction coefficient (k), single-scattering 190 albedo (ω) and asymmetry parameter (g) for the short-wave while only the emission from the aerosol layer is considered in the long-wave and the scattering is neglected. These optical properties are available from look-up tables computed off line for the spectral bands of the radiation code (Morcrette 195 et al. , 2009 ). This introduces an additional source of uncertainty as the refractive indices for mineral dust have been highlighted as the single most important factor for the large uncertainty in the radiative impact of mineral dust (Myhre and Stordal , 2001 ).
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In MACC two sets of optical properties are available. One is derived from the refractive index used in the Hadley Centre climate model (Woodward (2001) ), which is a compilation of refractive indices estimated from various measurements (Carlson and Benjamin , 1980; Sokolik et al., 1993 Sokolik et al., , 1998 205 WMO , 1983) . Another is based on the refractive index detailed in (Fouquart et al. (1987) ). Highwood et al. (2003) suggests the use of the refractive index from Fouquart et al. (1987) as it appears to give a better agreement with the observations from the SHADE field campaign. This set of re-210 fractive index was also used in Myhre et al. (2003) . Our experiments were carried out using both refractive indices but we will report only the results using the Fouquart et al. (1987) aerosol model are shown. Results using the Woodward (2001) refractive index are close for this situation and 215 do not contradict the conclusions reached in this paper. The optical properties are computed for each size bin using a standard Mie scattering algorithm Ackerman and Toon (1981) , hence assuming spherical particles. Mishchenko et al. (1997) show that assuming spherical particles for mineral dust intro-220 duces only a modest uncertainty in the calculation of radiative fluxes. The dust optical properties used in the MACC system for each dust bin are detailed in Figure 1 . They can be compared to Figure 1 of Spyrou et al. (2013) and Figure 1 of Perez et al. (2006) .
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The global MACC-II forecasting system provides aerosol analysis by assimilating total Aerosol Optical Depth (AOD) observations provided by the Moderate Resolution Imaging Spectroradiometer (MODIS) instruments on-board NASA's polar orbiting satellites Aqua and Terra in a 4D-Var assim-230 ilation algorithm, as described in Benedetti et al. (2009) . The product used in the assimilation step is the Dark Target retrieval, hence not available in regions with high surface albedo, such as desert areas. MODIS Deep Blue product, aimed at bright surfaces, is now used in the most recent 235 version of the system. m/s for more than 24 hours, according to model forecasts and observations. This led to the suspension of a very high load of dust, with AOD reaching 4.5 in Cairo at noon on 18th of April. Besides the dust plume, the sky was entirely clear over Egypt and Libya during 17th and 18th of April, which makes 320 these two days a perfect case study for aerosol-radiation interaction.
The interaction between dust and the synoptic situation is shown by Figure 3 , which shows daily AOD over Eastern Sahara from the Deep Blue algorithm applied to MODIS/Aqua 325 observations. The large dust load that was lifted by cold front associated with the heat low was then advected northwards by the deep Mediterranean low, towards Israel, Turkey and the Eastern Mediterranean on 18-19 April 2012 . Figure 4 shows the evolution of the dust storm as analysed against ground observations at Tamanrasset (Algeria), which was affected by the dust storm of 11th to 15th of April but not by the following storm of 17-18 April 2012.
Methodology
The objective of this study is to assess the impact of the 345 aerosol direct effect on the forecasted meteorological parameters during the dust storms that affected the Sahara and Eastern Mediterranean basin in April 2012. To achieve that, the MACC-II global system was run with no dust aerosols, with the aerosol direct effect estimated from a climatology, i.e. in 350 its pre-operational configuration, and with the aerosol direct effect estimated from prognostic aerosols. All runs were carried out with a T L 511 horizontal spectral resolution which corresponds to a grid-box size of about 40km. 60 vertical hybrid sigma-pressure levels were used, the lowest level being 355 17m above the surface. The time step was 900s.
Cycling forecasts
In this configuration, the model is run without assimilating AOD. The meteorological fields are initialised from the global MACC-II analysis, and the aerosol fields were ini- from comparing the model outputs with and without radiatively interactive aerosols. Since the meteorological analyses are the same for all the experiments, the differences between the meteorological forecasts originate only from the way interaction between aerosols and radiation are computed, i.e.
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using prognostic aerosols or a climatology. Cycling forecasts are thus adequate to assess the aerosols' impact on forecasted meteorological fields. A default for this configuration is that since the meteorological analysis are provided by another simulation, in 375 this case by the MACC-II Near Real Time (NRT) system, the interaction between aerosols and meteorology is reset at every forecasting cycle. Experiments were carried out with both aerosols and meteorological fields initialised from the previous 24h forecast, and they showed the same results qualitatively than when meteorological fields were initialised from the global MACC-II analysis. The amplitude of the aerosol-meteorology interaction was however significantly larger since it was also included in the meteorological analysis.
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Cycling forecasts were carried out for the period from 10th to 30th of April 2012, every 24h, with runs starting at 00 UTC.
We will analyse the prognostic aerosol direct effect (or "Total aerosol effect") and also separately the short-wave and the long-wave aerosol radiative forcing. In particular, we performed the following experiments with cycling forecasts:
-NOAER: experiment with no dust aerosols,
Reference experiment with the aerosol direct effect computed from an aerosol climatology,
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-LW: The long-wave component of the aerosol direct effect is computed using prognostic aerosols, the shortwave part is computed with an aerosol climatology,
-SW: The short-wave component of the aerosol direct effect is computed using prognostic aerosols, the long-400 wave part is computed with an aerosol climatology,
-TOTAL: Both the short-wave and the long-wave components of the aerosol direct effect are computed using prognostic aerosols
Assimilation runs
405
In this configuration the model is run with the full 4DVar data assimilation, providing initial conditions for both the aerosol and meteorological variables. The following experiments were carried out with assimilation runs:
Reference experiment with the aerosol 410 direct effect computed from an aerosol climatology, -TOTAL ASSIM: the aerosol direct effect is computed using prognostic aerosols.
Runs were carried out at 00 and 12 UTC every day for the whole of April 2012, with an assimilation window of 12 415 hours. However, only the runs of 00 UTC go beyond 12 hours of forecast time. As a follow-up to cycling forecasts, assimilation runs will allow to study how using radiatively interacting aerosols in the forward model affect initial conditions through the data assimilation.
420 Table 1 provides a summary and a short description of the experiments carried out. Looking at the timeseries of surface parameters measured at Tamanrasset and Cairo ( Figure 5) we can see that Tamanrasset was mostly affected by the dust storm from 12th to 14th of April; high clouds were also present at times from Han et al. (2013) and Jish Prakash et al. (2015) (the latter study uses the same dust emission scheme as this study) for the surface values. At TOA, this study found mostly negative values above the dust storm during the day, and positive during the night, as opposed to positive values 495 in the cited studies (except for Heinold et al. (2008) , whose results are consistent with the results presented here). This could be caused by differences in single scattering albedo and in the surface reflectivity. This could also be due to the fact that at 36h forecast time, the dust storm was located above 500 the slightly darker surfaces of Central and Eastern Egypt: the dust plume was then brighter than the surface underneath, as shown by Figure 3 . The long-wave forcing was larger at 24h than at 36h forecast times, because the dust load was larger then, as showed by 
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(2013) and Jish Prakash et al. (2015) .
The difference between radiative forcing at surface and at TOA defines the net atmospheric forcing (Perez et al. 
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Radiative efficiency is defined as the aerosol radiative effect per unit aerosol optical depth (e.g. Helmert et al. (2007) ). shown in Figure 9 of Stanelle et al. (2010) : the link between AOD and long-wave radiative forcing at surface is not a linear one but rather a logarithmic one (for surface). At TOA, the relationship between AOD and long-wave radiative forcing is weak.
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5 Impact of the dust-short-wave radiation interaction on boundary layer meteorological processes
In this section, the impact of the solar aerosol-radiation interaction on meteorological parameters and dust production is investigated. Figure 8 shows observed (when available) and 560 forecasted meteorological parameters, dust production flux and 550nm AOD at Cairo and at the Siwa Oasis, which lies at 29°12'N, 25°29'E, for the REF and the SW experiments. The latter location was chosen because it was affected by the dust storm from the morning of 17 April to the afternoon of 565 18 April whereas Cairo was mainly affected around midday on 18 April. The strong radiative forcing in the short-wave (see Figure  6 ) had a notable influence on maximum temperatures which are up to 3 degrees lower for the SW experiment on 18 April 570 at Cairo, and 2-3 degree lower on 17 April at Siwa. This increased a small negative bias, from -0.1K for REF to -0.4K for SW at Cairo, and from -0.8K to -1 K a Siwa. As the surface is less hot during the day with SW, the sensible heat flux also decreased by up to 150 W/m 2 on 18 April 2012 at
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Cairo and up to 50W/m 2 at Siwa on 17 April. The impact was smaller at Siwa because of the timing of the dust storm which occurred during the night of 17-18 April.
Lower maximum temperatures and sensible heat flux increased the stability of boundary layer (BL), similarly to the 580 process described in Perez et al. (2006) and Miller et al. (2004) . This provoked a decrease of wind speed at 10m during day-time, by up to 1 to 1.5 m/s on 17 April at Siwa and on 18 April at Cairo. This effect had little impact on scores on 10m wind speed, which showed an overall low bias.
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Dust production was smaller with SW because of lower wind speed at surface, by 25% lower at midday on 18 April at Cairo, and 15-25% on the second half of 17 April and also at midday on 14 April at Siwa. Dust production was around 30 times larger at Siwa than at Cairo during the storm, be-590 cause of higher sustained winds so that the absolute impact on dust production was much larger for Siwa: the difference between REF and SW was around 20 times larger at Siwa than at Cairo. This also shows that the dust layer was mainly advected at Cairo while it was both advected and produced 595 at Siwa.
Lower dust emissions brought an overall decrease of AOD with SW. The impact was rather small at Cairo, which was farther from dust sources that Siwa: dust AOD was on average 0.03 lower for SW, and up to 0.2-0.3 lower on the morn-600 ing of 18 April. At Siwa, closer to the main dust emitting regions, dust AOD was lower by 0.05 on average, and by more than 0.5 on the afternoon and evening of 17 April. A bit further to the North-West, closer to the heart of the dust storm, the AOD difference reached nearly 1. -Vertical stability causes: a different thermal stratification of the boundary layer modifies the vertical structure of the winds in the boundary layer.
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The horizontal gradient of surface pressure affects surface geostrophic wind via the geostrophic wind equation (Holton (2004) ):
The horizontal gradient of temperature affects the vertical 620 gradient of geostrophic wind via the thermal wind equation (Holton (2004) ):
V T is the so-called "thermal wind", the difference between geostrophic wind at altitudes (0) and (1). R is the specific gas 625 constant for air, f is the Coriolis parameter, k is the vertical unit vector, ρ is the air density, (0) denotes the surface and (1) a specific height above. The subscript p on the gradient operator denotes a gradient on a constant pressure surface, and the subscript z a gradient on a constant altitude surface.
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The thermal stratification of the boundary layer affects winds at surface via a modification of the turbulent momentum exchange coefficients, which are calculated in the MACC-II system using the Monin Obukhov similarity theory (more details can be found at 635 http://old.ecmwf.int/research/ifsdocs/CY40r1/IFSPart4.pdf). A decrease of the vertical gradient of temperature is associated with a decrease in sensible heat flux at the surface (see Figure 8 ) and, as described in detail in Perez et al. (2006) , in a decrease of surface turbulent heat and momentum 640 exchanges and thus in lower wind speed at surface.
To better understand the interaction between dust and meteorology and help discriminating between the different causes for the changes in wind speeds brought by SW, Figure 9 shows the difference between SW and REF for a set of 645 meteorological parameter, for a 36h forecast starting on 17 April 2012 00 UTC, close to the local solar maximum. The region with lower 2m temperature was nicely collocated with the region wth high AODs (as shown on Figure 4 ). Temperature at 850 hPa was also generally lower for SW as com-650 pared to REF, but by a smaller margin as compared to 2m temperature: 0.5-1.5K against 1-3K at 2m for regions with AOD above 1. This differential impact of surface and 850 hPa temperature affected the thermal stratification of the Planetary Boundary Layer (PBL) and was one cause for generally 655 lower wind speed at 10m. A band of higher surface wind speed and dust production lay at the West of Lake Nasser, showing that the modification of the thermal stratification of the atmosphere was not the only phenomenon that impacted winds and dust production. LW was smaller for 925 hPa winds than for surface winds. This suggests that the synoptic factors brought a smaller contribution than other factors to the decrease of surface winds with SW. Surface pressure was everywhere higher with SW, by 0.2 to 1 hPa in general. The distribution of the differences 670 is quite uniform except just in front of the storm; it is well collocated with the area where 2m temperature is significantly lower with SW. As a consequence surface geostrophic wind, a good measure of the synoptic component of wind, generally did not differ much between SW and REF except 675 locally at the edge of the storm. Figure 4 and 9 shows that the area where surface wind speed was higher for SW corresponds to an area of important horizontal thermal gradient associated with the cold front that was causing the dust storm. From East to West, 2m tempera-680 ture decreased by more than 10K in no more than a few hundred kilometers along the 22N parallel. The western part of this high gradient area was heavily impacted by the reduced incoming solar radiation: 2m temperature there was up to 2K lower with SW. The eastern part lay in front of the dust storm 685 and was not yet affected: the dust load there was not very high there and temperatures were reduced by only 0.5 to 1K. The differential impact of the dust layer on 2m temperature thus increased the horizontal gradient in this region by more than 1K. This is confirmed by figure 10, which presents a crosssection of surface pressure, temperature and wind speed along the 22°N parallel. The horizontal pressure gradient between 29°and 30°E was slightly larger for SW than for REF: 2 hPa/100km against 1.7 hPa/100km; this brought 695 an increase in surface geostrophic wind of about 1.5 m/s, which is not enough to explain the increase in 10m wind speed at the same place, of more than 2 m/s at surface and 3 m/s at 925 hPa. all between 2 and 4m/s stronger with SW. This is in contrast with the general decrease of winds associated with the changes in thermal stratification, which concern only the surface and not higher regions.
To sum up, the aerosol-radiation interaction in the short-
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wave is at the origin of two feedbacks between aerosol and meteorology: a negative one that is driven by the differential changes between temperature at surface and at the top of the PBL, which in turn increases thermal stability of the PBL, decreases surface winds and dust production. This feedback 715 was documented by Perez et al. (2006) and Miller et al. (2004) . A local positive feedback occurs at the edge of the dust layer, where during day-time the horizontal temperature gradient was locally increased by the differential impact of the dust layer on surface temperatures. This increase in hori-720 zontal gradient locally increased in turn geostrophic wind at 925 hPa and higher, as well as surface wind, and thus dust production. This local feedback may also be the cause of to the local increase in wind speed noted at the edge of a large dust plume in Figure 6b of Ahn et al. (2007) .
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Surface winds are marginally impacted by changes in surface geostrophic winds brought by surface pressure changes. They are widely decreased by changes in the thermal stratification, as already noted by Perez et al. (2006) . They are locally increased by changes in geostrophic winds above the 730 surface caused by differences in the horizontal temperature gradient. As Figure 15 shows, the overall difference SW-REF for dust AOD was negative, which means that the negative feedback driven by vertical stratification factors, is predominant compared to the local positive feedback driven by the "thermal wind".
6 Impact of the dust-long-wave radiation interaction on boundary layer meteorological processes
In this section, the impact of the thermal aerosol-radiation interaction on meteorological parameters and dust production 740 is investigated. Figure 11 shows observed (when available) and forecasted meteorological parameters, dust production flux and 550nm AOD at Cairo and at the Siwa Oasis for the REF and the LW experiments. 2m temperature was higher during the nights with the LW 745 experiment, because the dust aerosol layer emits downwards in the long-wave and increases downward long-wave radiation(cf Figure 5 and The impact on surface wind speed was small at both Cairo and Siwa. Dust production however, which follows a cubic 760 function of surface wind, was significantly larger with LW, by up to 15% at midday on 18 April at Cairo, and by up to 20% in the evening of 17 April at Siwa. AOD was only marginally affected at Cairo, which is farther from the main dust emitting regions; the difference was significant at Siwa,
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where AOD maximum during the night of 17-18 April was increased by nearly 0.5. Figures 15 and 4 show that on the night of 17-18 April, the area where AOD was larger by more than 0.3 with LW was extensive and well collocated with the area with high dust load and larger downward long-770 wave fluxes at surface. Figure 12 shows the difference on 18 April 00 UTC between LW and REF for a set of meteorological parameters as well as dust production. 2m temperature was larger for LW over most continental surfaces, by 0.3 to 0.5K in regions 775 where the dust load was not very important, and by 1 to 2.5K in regions where dust AOD exceeded 2. This difference was caused by emission in thermal spectrum by the dust layer, which lies mostly below 850 hPa. Temperatures at 850 hPa were affected in a different measure: over most areas they 780 were slightly lower for LW. Over a band that corresponds to the cold front, 850 hPa temperature was higher by 0.2-0.5K. This different impact of long-wave aerosol-radiation interaction between surface and 850 hPa affected strongly the stability of the PBL.
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A less stable boundary layer with LW was associated with slightly stronger winds at surface, by 0.3-1 m/s over most areas. The area of higher 850 hPa temperatures with LW was associated with weaker surface winds, by 0.5 to 1 m/s. At 925 hPa, the pattern of wind change was more complex, with 790 a marked dipole pattern, which suggests that the speed of cold front was increased by the LW experiment. This could also explain the dipole in 850 hPa temperatures. Generally higher temperatures at surface were associated with lower surface pressure, by 0.5 to 1hPa. As the decrease in pressure happened behind the cold front, in a region where pressure is building up after the front, this resulted in a slight reduction in the pressure gradient and thus surface geostrophic winds (not shown) behind the cold front. The synoptic impact of aerosols -long-wave radiation on wind speed was thus nega-800 tive for this situation, but it was generally small in intensity, except at the edges of the dust storm, where the pressure gradient was notably increased. This is clear in the differences in wind speed at 925 hPa, which shows a band of positive values that is exactly collocated with the edge of the zone 805 where surface pressure is different between REF and LW.
The widespread increase in surface winds translated into mostly larger dust emissions. The notable exception was the area with lower surface wind speeds that lies just before the cold front. As a consequence, dust AOD was generally larger 810 for LW (see Figure 15 ); values were however significantly lower just before the cold front.
As done for the SW aerosol forcing, to better understand the phenomena taking place around the cold front, Figure  13 presents a cross-section of various meteorological param-815 eters along the 22N parallel. The pressure gradient along 22°N was modified by LW, the difference in pressure gradient reaching 0.3 hPa/100km between 22°E and 23°E. This difference translates in a surface geostrophic wind that is around 1.5 m/s lower (Equation 1) at this location with LW. 820 2m temperature gradient was not very different at between REF and LW; at 925 hPa, the radiative impact of aerosols in the long-wave had a more differenciated effect on temperatures: the temperature gradient between 22 and 23E was smaller by 1K/100km with LW. This reduced the "thermal 825 wind", i.e. the difference between geostrophic wind at surface and at 925 hPa by around 1.5m/s with LW (Equation 2). The impact of the decrease of surface geostrophic wind between 22°and 23°E is clear on 10m winds, which were significantly lower there, and on winds at 925 hPa, which were 830 also lower in this region with LW and very similar elsewhere on the cross-section.
To sum up, the aerosol-radiation interaction in the longwave is at the origin of two feedbacks between aerosol and meteorology: a positive one that is driven by the differential 835 changes between temperature at surface and at the top of the PBL, which in turn decreases thermal stability of the PBL, increases surface winds and dust production. This mechanism is the symmetrical opposite of the one described for the SW experiment and by Perez et al. (2006) . A local negative feed-840 back occurs at the edge of the dust layer, where during nighttime the horizontal temperature gradient is locally decreased by the differential impact of the dust layer on temperatures at 925 hPa, thus decreasing geostrophic wind above the surface. Dust production and AOD are likewise affected, thus 845 enhancing this negative feedback. In contrast with the SW experiments, the surface geostrophic wind is significantly affected by surface pressure changes with LW. This translates into local increases in winds at 925 hPa and above.
7 Interaction of total aerosol radiative impact
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In this section, the reference experiment is compared against TOTAL, which uses prognostic aerosols to compute aerosolradiation interaction in both SW and LW spectra.
The impact on wind speed was of the same nature as SW and LW for day and night respectively, but reduced in ampli-855 tude. As for SW and LW, a positive (resp. negative) feedback developed at the edge of the dust plume, just before the cold front. As these feedback are symmetrical between SW and LW, they are strongly reduced when the two are combined. This is why the areas where thermal winds change affected 860 winds and dust emission are the same between SW during the day, LW during the night on one hand, and TOTAL and the other hand, but much reduced in intensity. These structures have less impact on dust emissions and dust AOD than in the SW and LW experiments. The areas where winds were 865 decreased (by 0.2-0.8 m/s) or increased (by 0.5-1 m/s) by the changes in thermal stratification of the PBL are on the other hand clearly visible; dust emissions reflect the changes in wind speed. The impact of these two conflicting changes appear to be of similar amplitude: total AOD changes were 870 much smaller for TOTAL as compared to SW or LW (see Figure 15 ).
Vertical profiles of dust, wind speed and temperature before and after the passage of the cold front are shown in Figure 14 . Dust is mainly confined in the boundary layer, the 875 top of which lay at around 800 hPa at 15 UTC and just above 950 hPa at 3UTC. The impact of the meteorology on dust emissions is again clear on this plot: dust mixing ratio was 20 to 50% lower with TOTAL at 15 UTC, and slightly larger at 3UTC. The impact of aerosols on temperatures was evi-880 dent: light scattering occurred in the dust layer and reduced temperatures by 1-2K below 925 hPa at 15 UTC for TOTAL, and by a smaller amount, less than 0.5K, between 800 and 925 hPa. At 3UTC, thermal radiation from the dust layer provoked a small increase in temperature for TOTAL very close 885 to the surface, below 970 hPa. Above that height, the atmosphere was cooler with TOTAL, because the dust layer absorbed part of the radiation from the surface. Winds for TO-TAL were slightly weaker at 15 UTC at surface, and slightly stronger at 3 UTC. Above the surface, winds were mostly 890 stronger at 15 UTC, by up to nearly 1m/s at 750 hPa. At 925 hPa with TOTAL, there was a small temperature inversion because the aerosol layer cooled the atmosphere below that height. Associated with this small temperature inversion was a significant increase of wind speed, by around 1m/s. At 3 895 UTC, winds were stronger just above the top of the PBL, by around 1m/s. Clear-sky nights are generally characterized by very stable PBLs over the desert since the heat capacity of sand is small compared to other soil types. This very stable PBL is 900 in turn at the origin of Nocturnal Low Level Jets (NLLJ). NLLJs in North Africa can be formed by different mechanisms; here the driving mechanism is an inertial oscillation (Knippertz (2008) , Van de Wiel et al. (2010) ), which compensates the low value of surface winds caused by surface 905 friction and very high PBL stability by a low-level jet that lies under the top of the PBL, with wind values above the geostrophic wind values. NLLJs are an important driver for dust emission in North Africa (Fiedler et al. (2013) , Heinold et al. (2013) , Heinold et al. (2014) ). Heinold et al. (2008) 910 studied the feedback between dust and NLLJs and found that the intensity of NLLJs was locally enhanced by the radiative impact of a dust layer on the short-wave: a more stable boundary layer leads to a more intense NLLJ. This led to locally stronger winds during day-time, during the moment 915 of NLLJs breakdown. On the other hand, higher nocturnal surface temperatures under the layer of dust associated with the long-wave effect of dust decreased significantly the PBL stability, which could have a weakening impact on NLLJs. The winds profiles of Figure 14 at night show a strengthen-920 ing of the NLLJ with TOTAL, which is consistent with the findings of Heinold et al. (2008) . In this situation and for this phenomenon, the impact of dust on solar radiation was predominant over the impact on long-wave radiation.
To sum up, TOTAL is a composition of LW and SW: the 925 mainly positive feedback between dust and meteorology associated with LW and the mainly negative feedback associated with SW co-exist and also impact each other. This completes the mechanism described in Perez et al. (2006) and Miller et al. (2004) , who concentrated mainly on the SW 930 radiation -aerosol feedback. The local feedbacks before the cold front, driven by horizontal thermal gradients, neutralized each other and were thus much smaller in amplitude in TOTAL as compared to SW and LW. This shows that the timing of the storm, and whether it is primarily affected by 935 the dust-short-wave or long-wave radiation interaction are of great importance to understand how the dust layer impacts meteorology and vice-versa. In this case, the dust-radiation interaction had little impact on the synoptic situation, i.e. the motion of the highs and lows as well as the movement and 940 intensity of the cold front that caused the storm. Cycling experiments, with a meteorological analysis that is provided by the NRT MACC-II system, are not the best tool however to assess the synoptic impact of dust-radiation interaction. Assimilation runs provide a better insight into this issue.
945
8 Assimilation runs Figure 16 shows the differences between the experiments TOTAL ASSIM and REF ASSIM for 2m temperature, 10m wind speed, dust production and dust AOD at 550nm for the runs starting at 00 UTC on 17 April 2012, 24 and 36h
950
forecasts. For 2m temperature, the magnitude of the changes brought by interactive aerosol-radiation interaction was similar in the experiments with and without assimilation. This is true for both the SW and LW dust-meteolorogy feedbacks. However, the impact on surface winds and dust production 955 were more important with assimilation runs. This different behaviour can be explained by the fact that the time scales involved were different for the surface temperature and for wind speed adjustments to the radiative forcings. The heat capacity of sand is low, which makes the thermal inertia 960 of desertic soils small as well: surface temperature adjusts quickly to a change in the radiative fluxes. As a consequence, the fact that the analysis takes into account dust-radiation interaction from an aerosol climatology or from interactive aerosols doesn't have such a large impact, since in any case 965 surface temperature will adjust quickly to the radiative forcings during the forecast. However, for winds, the adjustment takes more time since the changes are driven by vertical and horizontal temperature gradients, and the changes concern the whole boundary layer (see Figure 14) . As a con-
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sequence, it appears that taking into account the interactive dust-radiation in the analysis of TOTAL ASSIM, through the first guess, enhanced the feedback between radiation and surface winds as compared to TOTAL. The weight of the first guess in the analysis was amplified by the fact that the dust The previous sections showed that surface temperature was significantly affected by using interactive aerosols to compute the dust-radiation interaction. This sections aims to assess whether this impact improves the quality of 2m temper-995 ature forecasts. Assimilation runs very close to the configuration used for the NRT global MACC-II system are used in this section.
In this section forecasts are evaluated for the period from 10th to 25th of April 2012, over a selection of meteorological tions were not taken into account because of land-sea representativity problems. Tables 2 and 3 show the RMSE and bias  of the REF ASSIM and TOTAL ASSIM for forecast times ranging from 0 to 48h. The analysis of 2m temperature was significantly improved both in terms of RMSE and bias, respectively by up to 10% and 20%. This shows that with assimilation runs, the impact of using prognostic aerosols radiative effect is important for the analysis and for short-term 1010 forecasts. 24h forecasts also show an improvement of about 20% for the bias, and a smaller one for RMSE. The higher minimal temperatures associated with the dust-long-wave radiation interaction brought an improvement of both bias and RMSE for the analysis and the forecasts at 0,24 and 48h.
12 and 36h Forecasts showed no improvement of TO-TAL ASSIM compared to REF ASSIM in terms of RMSE. The bias decreased significantly for both forecast times, which led to a smaller cold bias at 12h forecast, and an improvement of the warm bias at 36h forecast time.
To sum up, the overall improvement brought by TO-TAL ASSIM was significant for the initial conditions and forecasts of 2m temperatures. The positive impact on RMSE was smaller and smaller with forecast time, turning into a degradation for forecast times larger than 36h. This is prob-1025 ably because the errors on the amount of dust and on the location/timing of the dust storm increased with forecast time.
Summary and conclusions
In this study we highlighted a series of interactions between aerosols and boundary layer meteorology, driven by 1030 the short-wave and in the long-wave radiative forcings of mineral dust. In the short-wave, lower maximum temperatures increased lower atmosphere stability, which brought in turn a decrease in wind speed and in dust production through saltation processes. Locally, at the edge of the dust plume, 1035 the short-wave forcing perturbed the horizontal temperature gradient and geostrophic winds associated with a cold front. Local increases in surface pressure gradient also brought local significant increases in surface geostrophic winds. These two processes led to sharp increases of surface wind and of 1040 local dust production.
The impact of the dust layer on long-wave radiation brought opposite feedbacks: warmer temperatures at night decreased the stability of the PBL, thus strengthening surface winds and dust emissions. Contrasted heating of the mid-1045 boundary layer at night decreased the horizontal temperature gradient at the edge of the dust plume. Associated with lower pressure gradients, this brought lower geostrophic winds at the surface and higher, which in turn led to local decreases in wind speed and dust production.
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The short-wave radiation -dust interaction was more pronounced than the LW radiation -dust for radiative fluxes and efficiency. For surface temperature and dust production, the two feedbacks were of a comparable amplitude. This highlights how important accurate forecasts of the timing of the 1055 storm are, since depending on the local time of the dust lifting episodes, the interactions between aerosol and boundary layer meteorology are of a very different nature.
The dust-boundary layer meteorology feedbacks were amplified in assimilation runs, because they were also taken into 1060 account in the initial conditions of both aerosols and temperature. Since the considered region doesn't have much observations of both temperature and total AOD from MODIS, the first guess had an unusually large relative contribution in the initial conditions. Although the synoptic situation wasn't 1065 much affected by the radiative forcing of the prognostic aerosols, we report a generally positive impact up to a 48h lead time, on the 2m temperature and surface radiative fluxes forecasts. , 13, 19009-19049, doi:10.5194/acpd-13-19009-2013, 2013 . Fig. 1 . Dust optical properties used in the MACC system: mass extinction coefficient (top), single scattering albedo (middle) and asymmetry parameter (bottom) as a function of wavelength for the three dust bins (#1 is the smallest bin, #3 is the largest), computed using the refractive indices of Woodward (2001) and Fouquart et al. (1987) . 
